The N-chloramine compound 3-chloro-4,4-dimethyl-2-oxazolidinone (agent I) has been compared with calcium hypochlorite as to its efficacy as a bactericide for the treatment of water. The study included concentration, contact time, pH, temperature, and water quality as controlled variables. The species of bacteria tested were Staphylococcus aureus, Pseudomonas aeruginosa, and Shigella boydii. In general, for highly pure, demand-free water, calcium hypochlorite was the more rapid disinfectant at a given total chlorine concentration, although for water containing a controlled amount of organic load, agent I was the better disinfectant. The differences in efficacy of each of the two disinfectants can be attributed primarily to their different stabilities in water at various controlled conditions.
For the past several years, work in these laboratories has had as its goal the development of a new water disinfectant. Most of the work has focused upon the synthesis of organic N-chloramines because these compounds are, in general, solids which are soluble in water, bactericidal, and nonreactive (relative to free chlorine) with organic impurities to produce toxic trihalomethanes (1, 10). It has been suggested that chloramines are much weaker bactericides than free chlorine (3). Although this is apparently true for the gaseous chloramines NH2Cl, NHC12, and NC13, it need not be the case for all organic N-chloramines. Among the many organic N-chloramines which have been studied here, one compound, 3-chloro-4,4-dimethyl-2-oxazolidinone ( Fig. 1 ; henceforth referred to as agent I), has been studied extensively and shown to have many desirable properties for a water disinfectant.
Agent I was first prepared and shown to be bactericidal by Kaminski and co-workers (4, 7). Experiments in these laboratories have demonstrated that agent I kills all bacteria in raw lake water in a laboratory-scale water treatment plant when used with the chemicals (other than chlorine) employed by the City of Auburn municipal treatment plant and appropriate sand filtration (2). The stability of agent I in distilled water at room temperature has been compared with those of other common commercial water disinfectants (15) . In fact, agent I was stable indefinitely in nonbuffered, non-demand-free water (pH 5.1), whereas all other agents tested here rapidly lost their total chlorine contents. Recent work has focused upon a comparison of the stabilities of agent I and calcium hypochlorite in water as a function of pH, temperature, and water quality (demand-free water as opposed to water with a heavy organic load) (11) . Agent I was shown to be stable indefinitely under acidic or neutral conditions at 22°C, although it was less stable at pH 9.5 and 22°C than at pH 9.5 and 4°C (11) . Furthermore, there was considerably less tendency for agent I to react with organic impurities in water to produce toxic trihalomethanes than was the case for calcium hypochlorite (12) . In on Water Chlorination (13) , and the possible cellular mechanisms of action of agent I in inhibiting bacterial DNA, RNA, and protein synthesis have also been addressed in a preliminary manner (6) .
Agent I has been compared with several commercial disinfectants in its action against 11 species of bacteria (14) . However, that study was made without using uniformly controlled parameters for the assay conditions. For example, the distilled water samples used were not rendered chlorine demand free nor buffered to a common pH, and all experiments were conducted at ambient temperatures. This study, which was carried out under very carefully controlled conditions, presents a direct comparison of the actions of agent I and calcium hypochlorite against three species of bacteria (Staphylococcus aureus, Shigella boydii, and Pseudomonas aeruginosa) as a function of pH, temperature, and water quality.
MATERIALS AND METHODS
Agent I was synthesized and purified in these laboratories as described by Kosugi and co-workers (7), although several modifications were effected to increase the yield. The purity of agent I (by nuclear magnetic resonance analysis) attained for this study was estimated to be at least 99%. The calcium hypochlorite used in the study was obtained commercially (HTH; Olin Chemicals Corp., New Haven, Conn.; 65% active chlorine, 35% "inert ingredients") and used without further purification. The buffer salts were reagent-grade chemicals and were used without further purification. ) to a concentration of 1 to 2 ppm of total chlorine, allowing the solution to stand for 24 h, and then dechlorinating the solution by exposure to direct sunlight for 8 to 14 h. For some experiments a synthetic water was employed which contained a controlled organic load ("worst case water" [WCW] ) and other constituents similar to those in a test water used by the U.S. Army (5). The WCW was prepared by dissolving (suspending) a 375-mg/liter concentration of each of the inorganic salts (sodium chloride, potassium chloride, calcium chloride, and magnesium chloride), 30 mg of humic acid per liter, and 50 mg of bentonite clay per liter in pH 9.5 buffer; after autoclaving, heat-treated horse serum (0.01% [vol/vol], final concentration) and heatkilled yeast cells (Saccharomyces cerevisiae) at 5 x 105 cells per ml were added to make the final WCW concoction which was added to the treatment flask at the time of an experiment.
All glassware used for experiments involving the treatment of bacteria with the two disinfectants was made chlorine demand free by soaking in a 3-to 5-ppm Clorox solution for 24 h, followed by rinsing in demand-free, distilled, deionized water and drying in direct sunlight.
The strains of bacteria employed were S. aureus ATCC 25923, P. aeruginosa ATCC 27853, and Shigella boydii ATCC E9207. All bacteria were initially grown in nutrient broth and checked for authenticity by differential growth requirements, Gram stain, and where possible, biochemical differentiation with API diagnostic kits (Analytab Products, Plainview, N.Y.). The strains were maintained on the media recommended by the American Type Culture Collection (Trypticase soy agar [BBL Microbiology Systems, Cockeysville, Md.] for S. aureus and nutrient agar for P. aeruginosa and Shigella boydif). A fresh plate of the organism under study was streaked the day before use; on the day of an experiment, cells were removed from the surface and suspended in sterile saline to a cell density of 1 x 108 to 2 x 108 CFU/ml. Cell density determinations were made with a calibrated Klett-Summerson colorimeter equipped with a green filter.
In a typical experiment, 50 ml of buffer solution (or in some cases, WCW) was placed in a 125-ml flask and inoculated with 0.5 ml of cell suspension such that the final cell density was ca. 106 CFU/ml. This suspension of bacteria was allowed to equilibrate at a given temperature (4 or 22°C) by immersion in a thermostatically controlled water bath (± 1C) for 15 min with continuous stirring. Recently titrated stock disinfectant was added to the flask to bring the total ionizable chlorine (Cl+) concentration in the mixture to a specified level (either 10, 5, 2.5, or 1 ppm). One-milliliter samples were removed from the stirred mixture with Gilson digital pipettes at various predetermined titne points and quenched by 1-ml portions of sterile 0.02 N sodium thiosulfate buffered at pH 7.0. Serial dilutions of the quenched samples were made into sterile saline, and three 25-,ul samples from each dilution were plated. The three replicates for each dilution were counted and averaged, and this average was used in computing CFU per milliliter. Plates were examined at 24 APPL, ENVIRON. MICROBIOL.
on September 29, 2017 by guest http://aem.asm.org/ Downloaded from and 48 h (incubation times at 37°C) to allow the growth of weak colonies. In these experiments, one colony per 25 ,ul of thiosulfate-quenched portion of the sample is equivalent to 80 CFU/ml in the original reaction flask.
Treatment conditions consisted of the following combinations of pH, temperature, and organic load: pH 7 and 22°C; pH 4.5 and 22°C; pH 9.5 and 22°C; pH 9.5 and 4°C; and WCW, pH 9.5, and 4°C. For each assay condition listed except pH 9.5, 4°C, and WCW, all four concentrations of total chlorine for both agents were run. A lesser number of concentrations were generally employed in the latter two cases. Triplicate runs were performed for most experiments, and at least duplicate runs were made for all experiments.
Data analyses were conducted with the Statistical Analysis System (SAS, Cary, N.C.) operating on an IBM 3033 computer. The general linear model procedure was used for fitting a regression equation to predict inactivation time and for performing the analysis of variance. Curves in the figures were fit with a smoothing function in the Statistical Analysis System and were plotted with a CALCOMP plotter and the IBM 3033. RESULTS The data for the experiments pertaining to the actions of agent I and HTH against S. aureus in buffered, demand-free water are presented in Table 1 and Fig. 2 to 4. As can be seen, HTH was the superior disinfectant for this organism in demand-free water. However, agent I inactivated the organism (given sufficient contact time) at all concentrations studied. It should be noted that agent I is more active at pH 9.5, whereas HTH is less active at this pH, relative to pH 7.0 and 4.5. An obvious conclusion that can be drawn is that "free chlorine" is more effective against S. aureus than is "combined chlorine". Agent I is completely undissociated at pH 4.5 and 7.0, but it is somewhat less stable at pH 9.5. Fig. 3) ; agent I caused a more rapid kill of S. aureus than did Thus, a higher concentration of free chlorine at pH 9.5 HTH at all concentrations studied except 10.0 ppm of total makes agent I a better disinfectant at this pH, although it is chlorine. At high concentrations of HTH (10.0 ppm of total still not extremely impressive because free chlorine exists chlorine) the organisms were inactivated before the organic primarily in the form of hypochlorite rather than hypochlodemand completely deactivated HTH, but at lower concenrous acid at that pH. It is well documented that hypochlortrations, which were more normal for field applications, ous acid is a much better bactericide than hypochlorite (9) .
HTH was not an adequate disinfectant. Although HTH is clearly a better disinfectant against S.
There was a substantial temperature effect (cf. Fig. 2 and aureus in demand-free water, this is not the case when 4) on the action of both disinfectants; both were less efficient organic demand is introduced in synthetic WCW. The data at 4°C than at 22°C. However, the organic load clearly for WCW and S. aureus are presented in Table 2 and Fig. 3 . caused a greater effect than did lowering the temperature. Neither agent performs well under these circumstances. The
The data for P. aeruginosa are presented in Table 3 and organic load in WCW obviously eliminated the free chlorine Fig. 5 and 6 . Clearly, agent I was a better bactericide against from HTH rapidly. The resulting combined chlorine was this organism than against S. aureus. HTH remained the probably less efficient against S. aureus than was the combetter disinfectant (except in WCW) but by a considerably bined chlorine in agent I (see 5.0-ppm total chlorine data). lesser margin. Again, both agents performed less satisfactoThe statistical analyses (Table 2 ) assumed a linear fit of the rily at lower temperatures. Agent I would be an adequate data, which is not reliable for the WCW experiments (see disinfectant for P. aeruginosa in the field. P. aeruginosa was inactivated slowly by the pH 4.5 and 9.5 buffer solutions (controls) (Fig. 5 ), but this rate of inactivation was negligible compared with those for the two disinfectants. There was no significant inactivation of P. aeruginosa by the WCW controls even though the pH of WCW was 9.5.
The data for the organism Shigella boydii are summarized in Table 4 and Fig. 7 . Shigella boydii was killed slowly by the two extreme buffers (pH 4.5 and 9.5), but of course much more rapidly when either agent was present. In fact, agent I was more effective against Shigella boydii than it was against P. aeruginosa. Both agents killed Shigella boydii rapidly in WCW. There was little temperature effect for agent I action on Shigella boydii. Agent I could certainly be used as a disinfectant against this organism in the field.
In summary, agent I killed the three bacteria tested in this study; however, longer contact times were necessary than for HTH (except for WCW, for which agent I was in general the better disinfectant). Prior studies in these laboratories (13) The primary difference between the actions of the two disinfectants considered in this study must be attributed to the fact that HTH is extensively dissociated in water to form free chlorine, whereas agent I is not dissociated readily in water. Studies in these laboratories (11, 15) 
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by the presence of the two methyl groups such that the dissociative equilibrium process remains shifted to the reactants side. Only under highly basic conditions will this equilibrium be driven to the products side through the neutralization of hypochlorous acid.
Conclusions. This study has shown that HTH is a more rapid water disinfectant than agent I against three species of bacteria in demand-free water. The differences between the efficacy of the two agents, however, in demand-free water are dependent upon pH, temperature, and the species of bacteria. On the other hand, for water containing an appreciable organic load, agent I is the better disinfectant under all conditions when total chlorine concentrations in the range used for water disinfection in the field are employed. Any discussion of the specific mechanistic actions of the two disinfectants should be deferred until additional experiments are performed.
